Interestingly, there is a major difference in turnover rate between ornithine decarboxylases (ODCs) from various trypanosomatids. ODCs from Trypanosoma brucei and Leishmania donovani are both stable proteins, whereas ODC from Crithidia fasciculata is a metabolically unstable protein in the parasite. C. fasciculata ODC is also rapidly degraded in mammalian systems, whereas the closely related L. donovani ODC is not. The degradation of C. fasciculata ODC in the mammalian systems is shown to be dependent on a functional 26 S proteasome. However, in contrast to the degradation of mammalian ODC, the degradation of C. fasciculata ODC does not involve antizyme. Instead, it appears the degradation of C. fasciculata ODC may be associated with poly-ubiquitination of the enzyme.
Introduction
Ornithine decarboxylase (ODC) is a potential therapeutic target against various parasitic diseases [1] . The West African form of sleeping sickness, caused by the protozoan parasite Trypanosoma brucei, is today effectively treated with eflornithine, an irreversible inhibitor of the enzyme [1] . In great contrast with mammalian ODC, the ODC of the parasite is a metabolically stable enzyme [2] [3] [4] . It is conceivable that the slow turnover of the trypanosomal enzyme contributes to the effectiveness of the inhibitor [5] . Also the trypanosomatid Leishmania donovani, the causative agent of visceral leishmaniasis, has an ODC with a slow turnover [6] . However, not all trypanosomatids have metabolically stable ODCs. Interestingly, another trypanosomatid, Crithidia fasciculata, which is phylogenetically close to L. donovani, has been shown to have an ODC with a very fast turnover [7] .
Molecular analysis of mammalian ODC has revealed sequences important for the fast turnover of the enzyme. The C-terminal part of the enzyme has been shown to be crucial for the rapid degradation of the enzyme [8, 9] . Truncations or mutations in this part of the ODC protein transform the enzyme into a metabolically stable protein. Furthermore, ODCs from T. brucei and L. donovani, which both are stable proteins, lack this C-terminal domain and recombining T. brucei ODC with the C-terminus of mammalian ODC confers a short half-life to the fusion protein expressed in mammalian cells [3, 4] . C. fasciculata ODC, on the other hand, does also lack the C-terminal degradation domain of mammalian ODC, but still turns over rapidly when expressed in mammalian cells [10] . Thus C. fasciculata ODC appears to contain unique degradation signals, which are recognized in the parasite as well as in the mammalian cell.
Mammalian ODC
Mammalian ODC is a highly regulated enzyme with a very fast turnover [11] [12] [13] . The half-life of the enzyme is usually less than an hour, making ODC one of the most labile enzymes in the cell. Like other short-lived proteins ODC is degraded by the 26 S proteasome [14, 15] . However in contrast to other proteins degraded by this proteolytic system, ODC degradation is not triggered by ubiquitination [16] . Instead, it appears that the degradation of ODC by the 26 S proteasome is induced by the binding of an inducible protein, named antizyme, to the enzyme [12, 13] . The polyamines induce antizyme synthesis, and thus ODC degradation, by a unique mechanism. The antizyme mRNA contains a premature stop in the coding region, which has to be overcome by a ribosomal shift of the reading frame during translation in order to produce the full-length antizyme. The polyamines stimulate antizyme synthesis by promoting this ribosomal frameshifting [17] [18] [19] . Antizyme binds to the monomer of ODC with very high affinity and targets it for degradation. The binding of antizyme to the monomer also gives rise to a shift from enzymically active dimers to enzymically inactive monomers, resulting in a strong inhibition of ODC activity. The biological half-life of ODC may be as short as a few minutes when there is an excess of polyamines, and very long when there is a polyamine deficiency in the cell.
Like many other proteins with short half-lives, mammalian ODC contains so-called PEST regions, which are regions rich in proline (P), glutamic acid (E), aspartic acid (D), serine (S) and threonine (T) [20] . Mammalian ODC has two PEST regions. One of these is located within the C-terminus of the protein, which has been shown to be essential for the rapid turnover of the protein. It is conceivable that this part of the protein in some way is involved in the recruitment of the 26 S proteasome. It is believed that the binding of antizyme to ODC induces some kind of structural change exposing the C-terminal end of the protein [21] .
T. brucei ODC ODC in T. brucei was demonstrated to be a stable protein, in great contrast to that of mammalian ODC [2] [3] [4] . Sequence analysis revealed a high degree of homology between the T. brucei ODC and the mammalian counterpart. However, the T. brucei ODC is truncated in its C-terminal part compared with the mammalian ODC [3] . The stability of T. brucei ODC may be explained by the lack of this region. When expressed in mammalian cells T. brucei ODC is still a stable enzyme. However, if the T. brucei ODC is recombined with the C-terminus of mammalian ODC, the hybrid ODC is transformed into a protein with a fast turnover in mammalian cells.
The rapid turnover of mammalian ODC is dependent on the presence of antizyme. The stability of the ODC in T. brucei may also be related to an absence of a protein corresponding to mammalian antizyme in the parasite [22] . In mammalian cells polyamines cause a down-regulation of ODC by inducing the synthesis of antizyme [11] [12] [13] . In T. brucei the polyamines do not down-regulate ODC, neither the T. brucei ODC itself nor a mammalian ODC when expressed in the parasite, indicating the absence of protein corresponding to antizyme [22] . When expressed in T. brucei mammalian ODC was a stable protein [22] . However, this was not explained solely by the lack of antizyme, since the simultaneous expression of mammalian antizyme did not restore a rapid turnover of the mammalian enzyme in the parasite. Neither did the expression of mammalian antizyme in T. brucei affect the turnover of the parasitic ODC. Nevertheless, the expression of mammalian antizyme in addition to mammalian ODC in T. brucei inhibited the activity of the mammalian enzyme, demonstrating that antizyme did bind to the mammalian ODC in the parasite [22] .
The stability of mammalian ODC expressed in T. brucei may be due to differences in the proteasomal systems. Trypanosomes have been shown to have proteasomal systems similar to that in mammalian cells [23] [24] [25] [26] [27] . However, knowledge of these proteasomal systems is relatively scarce. It is best characterized in T. brucei, in which a functional 26 S proteasome was recently identified [25] . The 26 S proteasome in T. brucei resembled the mammalian counterpart in many ways. Like the mammalian 26 S proteasome, the T. brucei 26 S proteasome is composed of a catalytic 20 S complex as well as a 19 S regulatory complex. The proteasomal systems of the trypanosomes appear to be involved in central biological processes since treatment with specific proteasome inhibitors, like lactacystin, or disruption of genes coding for subunit proteins in the 19 S complex negatively affects differentiation and/or proliferation of the trypanosomatids [28] [29] [30] [31] [32] .
L. donovani ODC
Molecular cloning and sequencing of the ODC gene from L. donavani revealed that the C-terminus of the enzyme was 28 residues shorter than the mouse ODC [6] . Based on results of earlier studies of T. brucei ODC it can be predicted that the L. donovani ODC should be a metabolically stable enzyme. Using cycloheximide to block protein synthesis, Hanson et al. [6] demonstrated that ODC in exponentially growing L. donovani promastigotes was a very stable protein with a half-life longer than 20 h. The stability of L. donovani ODC was confirmed in a study by Mukhopadhyay and Madhubala [33] , who estimated the half-life of ODC in the promastigotes grown in the presence of cycloheximide to be longer than 6 h.
C. fasciculata ODC
The first demonstration of a metabolically unstable ODC in a trypanosomatid was made by Ceriani et al. [7] , who reported that the non-pathogenic trypanosomatid C. fasciculata contains an ODC with a fast turnover. The trypanosomatids of the genus Crithidia are monogenetic protozoan parasites that grow in the digestive tracts of infected flies. Ceriani et al. [7] demonstrated that inhibiting protein synthesis in C. fasciculata with cycloheximide resulted in a rapid decrease in ODC activity with a half-life of about 30 min [7] . The cloning of the gene encoding C. fasciculata ODC revealed a high degree of sequence homology with ODC from L. donovani [10] . Optimal alignment gave a 69% identity between the two sequences. Both ODCs contained long (>200 amino acids) N-terminal extensions compared with ODCs from T. brucei and mouse.
Like ODCs from T. brucei and L. donovani, the C. fasciculata ODC was shown to be truncated in its C-terminal part compared with mammalian ODC [10] . The Cterminal part of mammalian ODC contains one of the two PEST regions in the enzyme. Although C. fasciculata ODC does not have region corresponding to the C-terminal PEST region of mammalian ODC, it contains two regions which fulfil the requirements of PEST regions: one in the N-terminal extension and one close to the C-terminal end [10] . The latter one is a very strong PEST sequence according to the algorithm described by Rogers et al. [20] . These regions of the C. fasciculata ODC are missing in the mammalian ODC. L. donovani ODC does not have the region corresponding to the first PEST sequence of C. fasciculata ODC, but has a PEST sequence in the region corresponding to the second PEST region of C. fasciculata ODC [10] . However, this is a much weaker PEST sequence in L. donovani ODC than in C. fasciculata ODC. Thus, the metabolically stable L. donovani ODC lacks the N-terminal PEST region and has a much weaker second PEST sequence compared with C. fasciculata ODC, which has a very fast turnover.
The C. fasciculata ODC was also shown to have a very fast turnover in mammalian cells [10] . When expressed transiently in COS cells, the enzyme was rapidly degraded [10] . This is in great contrast to that of L. donovani ODC, which was a stable enzyme in COS cells [10] . The same difference in turnover rates was found when the two ODCs were expressed in stable transfectants of CHO cells (S. Nasizadeh, A. Jeppsson and L. Persson, unpublished work). Thus C. fasciculata ODC appears to contain degradation signals that are also functionally active in mammalian cells. This conclusion was supported by the finding that C. fasciculata ODC was rapidly degraded in a rabbit reticulocyte lysate system, whereas L. donovani ODC was not (S. Nasizadeh, A. Jeppsson and L. Persson, unpublished work). The rabbit reticulocyte lysate has been shown to contain all the components necessary for degradation of mammalian ODC, and changes in the ODC protein by truncations or mutations, which affects the in vivo turnover rate do also affect the degradation rate in the reticulocyte lysate.
As mentioned above, mammalian ODC is degraded by the 26 S proteasome system. Also the rabbit reticulocyte lysate contains a functionally active 26 S proteasome system that is responsible for the rapid degradation of the enzyme in the reticulocyte lysate. To determine whether C. fasciculata ODC is also degraded by this proteolytic system we examined the effect of a specific proteasome inhibitor. Treatment of stable transfectants of CHO cells, expressing C. fasciculata ODC, with the proteasome inhibitor epoxomicin reduced the turnover of the enzyme markedly (Figure 1 ). The decrease in turnover rate was reflected in a rise in enzyme activity in the cells (Figure 1 ). When tested, epoxomicin was also shown to effectively inhibit the degradation of C. fasciculata ODC in the reticulocyte lysate, demonstrating the involvement of the 26 S proteasome (S. Nasizadeh, A. Jeppsson and L. Persson, unpublished work).
Proteins to be degraded by the 26 S proteasome are usually targeted by the covalent binding of poly-ubiquitin to the protein. However, mammalian ODC is an exception, since it is degraded by the 26 S proteasome in a ubiquitinindependent way. The degradation of mammalian ODC is instead stimulated by the binding of a specific protein, antizyme, to the enzyme (Figure 2 ) [12, 13, 15] . Antizyme is a key protein in the feedback control of ODC. High levels of polyamines stimulate the synthesis of antizyme, which then binds to ODC and induces its degradation. Nevertheless, the fast turnover of C. fasciculata ODC in CHO cells appeared to be independent of antizyme. Induction of antizyme by addition of excess amounts of polyamines to the growth medium did not have any effect on the level of C. fasciculata ODC in the stable transfectants, whereas in the wild-type CHO cells a marked reduction in ODC activity was observed (S. Nasizadeh, A. Jeppsson and L. Persson, unpublished work). It is conceivable that the degradation of C. fasciculata ODC instead may be dependent on poly-ubiquitination (Figure 2 ). During the degradation of radioactive C. fasciculata ODC in the reticulocyte lysate labelled conjugates of higher molecular masses appeared, which may support such a mechanism (S. Nasizadeh, A. Jeppsson and L. Persson, unpublished work). However, whether these high-molecular-mass derivatives indeed are conjugates of C. fasciculata ODC and ubiquitin remains to be established.
